Aging has independently been associated with regional brain atrophy, reduced slow wave activity (SWA) during non-rapid eye movement (NREM) sleep and impaired long-term retention of episodic memories. However, whether the interaction of these factors represents a neuropatholgical pathway associated with cognitive decline in later life remains unknown. We found that agerelated medial prefrontal cortex (mPFC) gray-matter atrophy was associated with reduced NREM SWA in older adults, the extent to which statistically mediated the impairment of overnight sleep-dependent memory retention. Moreover, this memory impairment was further associated with persistent hippocampal activation and reduced task-related hippocampal-prefrontal cortex functional connectivity, potentially representing impoverished hippocampal-neocortical memory transformation. Together, these data support a model in which age-related mPFC atrophy diminishes SWA, the functional consequence of which is impaired long-term memory. Such findings suggest that sleep disruption in the elderly, mediated by structural brain changes, represents a contributing factor to age-related cognitive decline in later life.
a r t I C l e S A recognized and problematic feature of human aging is cognitive decline 1 , including impaired long-term retention of episodic memories 2 . These cognitive changes are paralleled by two prominent, albeit independently considered, signatures of aging. The first is structural brain atrophy, pronounced in midline frontal lobe regions 3 . The second is disrupted electroencephalographic (EEG) quality of NREM slow-wave sleep (SWS) 4, 5 , evidenced in decreased SWA. Despite these coinciding features, whether age-related structural changes are associated with disrupted sleep physiology, and whether such structural and physiological changes are associated with age-related memory impairment remain unknown. We sought to determine whether these independently recognized features of aging are inter-related and, if so, determine the precise nature in which their interaction predicts overnight memory retention.
Independent of aging, an emerging body of evidence in healthy young adults continues to support a role for NREM SWS physiology in the long-term consolidation of episodic memories 6, 7 . Relative to equivalent time awake, NREM SWS beneficially limits the offline decay of episodic memory representations over time, resulting in superior retention 8 . Furthermore, electrical facilitation of SWA over prefrontal cortex (PFC) causally enhances retention of episodic memories 9 . Mechanistically, these findings have been considered in a postulated hippocampal-neocortical framework of memory consolidation 10, 11 , whereby NREM SWS promotes the transformation of episodic representations from an initially hippocampal-dependent to an increasingly hippocampal-independent (and potentially more semanticized) state 6, 7, 12 . In doing so, older (more hippocampally independent) memory representations 11 are proposed to be less vulnerable to interference by ongoing encoding of new hippocampaldependent episodic information 7 . Consistent with this framework, human neuroimaging findings suggest that NREM SWS may be associated with the degree of increasing hippocampal independence during post-sleep memory retrieval 8 . Conversely, sleep deprivation after learning impairs long-term declarative memory retention, potentially resulting in a greater reliance of memory retrieval on the hippocampus 13 . Such data suggest that one potential mechanism by which SWA promotes consolidation is the transformation of episodic memories from a labile, hippocampal-dependent state, to an increasingly hippocampal-independent state 6, 7, 10, 11 .
These findings predict that the known age-related reduction of NREM SWA should result in impoverished hippocampal memory consolidation and next-day retention in the elderly. In support of these predictions, NREM SWS correlates with overnight memory retention across young and middle-aged adults, although, to date, examinations of this association have not controlled for age 2 . Furthermore, NREM SWA has been associated with the degree of overnight memory retention in healthy older adults and patients with amnestic mild cognitive impairment 14 . These findings support a role for NREM SWS in age-related memory decline, an effect that is potentially exacerbated in older individuals with memory disorders 14 . However, a preceding issue is the nature of age-related deficits in NREM SWS and whether such a deficit is an inevitable consequence of the aging brain 15 . One candidate is structural brain atrophy in regions that promote NREM SWA. Specifically, the mPFC not only expresses some of the greatest a r t I C l e S gray matter reductions in older adults 1, 3 , but is a region in young adults that has been identified as a prominent EEG electrical generator of NREM slow waves 16 . Furthermore, NREM slow waves show a marked preponderance in origin and density over mPFC EEG derivations, as does the expression of associated NREM SWA 17 . Such data further predict that the extent of age-related atrophy of mPFC should negatively affect the ability to generate NREM SWA in older adults.
These findings, and the role of prefrontal SWA in promoting episodic memory retention in young adults, suggest that age-related reductions in SWA, mediated by reduced prefrontal gray matter atrophy, represent a neuropathological pathway that is associated with impaired long-term memory retention in older adults. Conversely, this collection of co-occurring changes in brain structure, sleep physiology and episodic memory may, instead, represent independent processes associated with aging that do not influence each other. Seeking to discriminate between these two possibilities, we examined whether age-related reductions in mPFC gray matter volume statistically mediate the effects of age on impaired NREM SWA and whether this age-related interaction between brain atrophy and NREM SWA consequently predicts age-related failure of overnight episodic memory retention, and, with it, the persistent reliance (rather than increasing independence) of memory retrieval on the hippocampus.
RESULTS
A group of cognitively normal older adults and a group of healthy young adults performed an episodic associative (word pair) memory task sensitive to sleep-dependent episodic memory retention ( Fig. 1 , Table 1 and Supplementary Table 1 ) 6 . All participants were initially trained to criterion on a set of word pairs in the evening, pre-sleep, and then subjected to two separate recognition memory tests. The first (short delay) recognition memory test occurred 10 min after the initial study session, where a subset of the studied word pairs were tested. Following the short-delay recognition test, participants were given an 8-h sleep period in accordance with habitual sleep-wake habits, recorded using polysomnography with full-head EEG coverage. The next morning, participants performed the second (long delay) post-sleep recognition test, in which the remaining subset of originally studied word pairs was tested. The long-delay recognition testing was performed during a functional magnetic resonance imaging (fMRI) scan session to assess differences in retrieval activity, focused a priori on the hippocampus 18 . An additional structural MRI scan followed the fMRI session, allowing for assessment of gray matter differences between young and older adults. The measure of overnight memory retention was calculated by subtracting short-delay recognition performance from long-delay recognition performance 2, 13 .
Age effects on sleep and gray matter volume
We first sought to characterize SWA (0.8-4.6 Hz 19 ) in older and young adults. As predicted, and consistent with previous findings 16, 17 , SWA was dominant over prefrontal EEG derivations in both the young and older adult groups ( Fig. 2a) . Also consistent with prior reports 4 , older adults exhibited marked and significant reductions in SWA relative to young adults. This was true globally, averaged across the entire head (P < 0.001; Fig. 2b) , and when focusing locally over prefrontal EEG derivations exhibiting the highest SWA (P < 0.001, Fig. 2b) ; the latter associated both with the dominant EEG source region of cortical slow waves 16 and where experimental manipulations of SWA causally modulate episodic memory retention 9 . Similar age effects were detected for global (P < 0.001) and prefrontal (P < 0.001) absolute SWA and time spent in slow wave sleep ( Fig. 2c,d and Supplementary Table 2) .
Given the described homology between prefrontal dominance in both slow-wave generation and age-related brain atrophy, we next examined group differences in gray matter volume, focusing a priori on mPFC. Consistent with previous findings 1, 3 , the peak significant difference in gray matter volume between young and older adults, when examining across the whole brain, was detected in mPFC (P < 0.05, family-wise error (FWE) corrected; Fig. 3 ). Significant reductions in gray matter volume in older relative to young adults were also detected in bilateral insula and posterior cingulate cortex (P < 0.05, FWE corrected; Supplementary Fig. 1 ). This is notable, as these regions have also been associated with slow-wave source generation, albeit to a lesser degree than the mPFC 16 . Figure 1 The sleep-dependent episodic word-pair task 6,9 used wordnonsense word pairs to maximize the novel episodic and associated hippocampal-dependent demands of the task 33 and minimize the semantic, and therefore hippocampal-independent, demands of the task 11, 12, 33 . Words were 3-8 letters in length and drawn from a normative set of English words 34 . Nonsense words were 6-14 letters in length, derived from groups of common phonemes 33 . The word-pair task began with an encoding phase composed of 120 word-nonsense word trials. (a) During each encoding trial, a word-nonsense word pair was shown for 5 s. Criterion training occurred immediately after encoding. (b) During each self-paced criterion trial, a previously studied probe word was presented with its original nonsense word associate from encoding (outlined in the gray box) and two new nonsense words not previously shown. Following responding, the participant was given feedback for 1 s, with incorrect responses resulting in trial repetition at random intervals. (c) During recognition trials, either a previously studied probe word or a new (foil) probe word was shown for 5 s with four response options presented below. When a previously studied probe word was presented, the following response options were presented below: (1) the nonsense word originally paired with that probe word at encoding (hit), (2) a previously studied nonsense word, but one presented with a different previously studied probe word (lure), (3) a new nonsense word never seen during encoding, and (4) an option designating the shown probe word as new. New nonsense words were only presented once during the entire experiment, whereas previously studied nonsense words were presented twice during recognition testing, always in the same session, as a lure on one trial and the correct paired associate on another. When a foil probe word was presented, the four response options consisted of three new nonsense words never presented during learning (which, if chosen, would designate a false alarm), and an option designating this foil probe word as new (which, if chosen, would designate a correct rejection). We interspersed 45 null events, consisting of a fixation display (1.5-10 s), throughout long-delay recognition testing during fMRI acquisition, jittering trial onsets. Given that age was associated with both reduced SWA and prefrontal gray matter atrophy, we next sought to determine whether age effects on SWA were statistically mediated by changes in mPFC gray matter volume using mediation analyses. Older age was associated with decreasing global SWA (r = −0.86, P < 0.001) and decreasing mPFC gray matter volume (r = −0.94, P < 0.001). However, age no longer significantly predicted the extent of global SWA when mPFC gray matter volume was included in the statistical model (mPFC, P = 0.009; age, P = 0.446), reflected in a significant mediation effect (Sobel test 20 , P = 0.005). This association between mPFC gray matter volume and global SWA (r = 0.89, P < 0.001; Fig. 2b ) was present in young (r = 0.60, P = 0.01) and older (r = 0.52, P = 0.05) adults separately. Thus, age was not independently associated with reduced mPFC gray matter and reduced global SWA.
Instead, the SWA decrease with age was mediated by the reduction in mPFC gray matter. To examine whether the mediating role of gray matter in age-related changes in SWA was specific to mPFC, we repeated the mediation analyses in other regions associated with agerelated memory decline: the precuneus, hippocampus and temporal lobe 1, 21 . The precuneus, hippocampus and temporal lobe all showed age-related atrophy, with negative associations between age and gray matter volume (precuneus: r = -0.74, P < 0.001; hippocampus: r = −0.42, P = 0.014; temporal lobe: r = −0.83, P < 0.001) and significant gray matter volume reductions in older relative to young adults (precuneus, P < 0.001; hippocampus, P = 0.003; temporal lobe, P < 0.001). However, precuneus (P = 0.157, age P < 0.001), hippocampus (P = 0.586, age P < 0.001) and temporal lobe (P = 0.679, age P < 0.001) gray matter volume did not predict SWA when age was 20 , P > 0.13) or the effects of SWA on long-term memory retention (see below; all P < 0.001 for SWA in models including age and gray matter). Thus, age-related changes in SWA are statistically mediated by regionally specific changes in gray matter volume that include the mPFC.
Age effects on memory
We examined whether the overnight change in episodic memory retention was impaired in older adults relative to young adults ( Fig. 4a and Table 1 ). A two-way, repeated-measures ANOVA revealed significant main effects of group (young versus older, P < 0.001) and testing session (short delay (10 min, pre-sleep) versus long delay (10 h, post-sleep), P < 0.001). Most relevant, there was also a group × testing session interaction effect (P = 0.001). Specifically, the decline from pre-to post-sleep episodic memory, expressed as the memory savings difference between short (10 min, pre-sleep) and long (10 h, post-sleep) delay recognition performance, was significantly impaired (that is, greater) in older than in young adults (P = 0.001; Fig. 4b and Table 1 ). These findings indicate that memory performance in older adults was worse than that in young adults, that both groups showed a deterioration in retention of memory overnight, relative to short delay (10 min) recognition testing, and that older adults exhibited a significant impairment in sleep-dependent memory retention compared with young adults. That differences in overnight memory retention were not driven by differences at encoding was explored by two additional analyses. First, recognition performance at the short delay (10 min) did not predict the amount of overnight memory change across all subjects combined or within subgroups (all r 2 < 0.02, P ≥ 0.35). Second, and to further ensure that differences in memory encoding between young and older adults did not drive differences following sleep, we performed a subset analysis matching the highest older adult memory performers at the short delay (n = 8, 0.42 ± 0.05) with the lowest young adult memory performers at the short delay (n = 8, 0.40 ± 0.08). The scores were not different between these subgroups (P = 0.855). The highest performing older adults at the short delay test, similar to the overall older adult cohort, exhibited a significantly greater decrease in memory between the short-and long-delay tests than the lowest performing young adults (-0.54 ± 0.06 versus −0.21 ± 0.05, respectively; P < 0.001). To further ensure differences in overnight memory retention were not driven by encoding differences, we trained participants to criterion. Specifically, participants were tested until they correctly identified all paired associates. To examine differences in criterion accuracy, defined as the number correct divided by the total number attempted, across age or experimental groups, we performed a two-way ANOVA with age (young versus older) and experimental (sleep versus wake) group as between subject factors. No significant effects were detected (all P > 0.1). Taken together, these findings suggest that overnight differences in the memory retention between the young and older adult groups are not likely to be accounted for by differences in memory at the initial short-delay test.
To determine whether diminished memory retention in older relative to young adults was unique to offline periods of sleep (rather than simply time), we asked two separate groups of young and older adult participants to perform the same word-pair memory task, but spanning a delay period of wakefulness during the day ( Supplementary  Table 1 ). A three-way, repeated-measures ANOVA was performed with test session (short delay versus long delay) as a within subject factor, and age group (young versus older) and experimental group (sleep versus wake) as between subject factors. Significant main effects of test session (P < 0.001) and age group (P < 0.001) were detected, suggesting that recognition performance was lower at long-delay (10 h) than at short-delay (10 min) testing and worse in older than in young adults. Notably, however, significant age group × testing session (P < 0.001) and experimental group × test session (P = 0.005) interaction effects were detected. Older adults expressed significantly worse offline retention relative to young adults across periods including sleep (-0.46 ± 0.06 in older versus −0.21 ± 0.04 in young adults, P = 0.001) and periods including only wake (-0.62 ± 0.09 in older versus −0.40 ± 0.04 in young adults, P = 0.031). However, and consistent with prior reports 6, 9, 13 , only young adults demonstrated superior offline memory retention following sleep compared with wake (P = 0.003), whereas older adults showed no such sleep relative to wake memory retention benefit (P = 0.161). npg a r t I C l e S
Sleep associations with memory
Having established disruptions in prefrontal gray matter volume, SWA and episodic memory change in older adults, we next tested the hypothesis that the extent of this SWA disruption significantly and statistically mediated the effects of age and reductions in mPFC gray matter on the success of overnight memory retention. Both global (r = 0.81, P < 0.001; for young adults only, r = 0.77, P = 0.001; for older adults only, r = 0.71, P = 0.006) and local (r = 0.81, P < 0.001; for young adults only, r = 0.80, P < 0.001; for older adults only, r = 0.69, P = 0.009) relative SWA over prefrontal EEG derivations were positively and significantly associated with the success of overnight memory change across all participants combined (Fig. 5) . In addition, this significant positive relationship was identified in young and older adult groups separately, with peak correlations over frontal electrodes (Fig. 5b) ; significant when corrected for multiple comparisons 22 . These findings establish that SWA, especially over prefrontal cortex, predicted the success of memory consolidation, such that deficits in the degree of overnight memory retention were proportional to the extent of SWA impairment. Building on these associations, and to formally examine the interrelationships between age, mPFC gray matter, SWA and overnight memory consolidation, we performed mediation analyses. Age and mPFC gray matter were significantly associated with SWA, both globally, averaged across all EEG derivations (age, r = −0.86, P < 0.001; mPFC gray matter, r = 0.89, P < 0.001), and locally, over prefrontal EEG derivations (age, r = −0.83, P < 0.001; mPFC gray matter, r = 0.86, P < 0.001). Furthermore, age and mPFC gray matter were also significantly associated with deficits in episodic memory retention (age, r = −0.61, P = 0.001; mPFC gray matter, r = 0.64, P = 0.001). However, neither age nor mPFC gray matter significantly predicted the extent of overnight episodic memory retention when SWA was included in the statistical model. This was the case for global SWA (SWA P < 0.001, age P = 0.178; SWA P < 0.001, mPFC gray matter P = 0.186) and prefrontal SWA (SWA P < 0.001, age P = 0.249; SWA P < 0.001, mPFC gray matter P = 0.357), reflected in significant mediation effects for both measures (Sobel test 20 , all P < 0.001). These findings indicate that, although both age and prefrontal gray matter changes were independently associated with overnight memory retention, such effects were significantly mediated by SWA when this variable was added to the same statistical model. Such data support the hypothesis that offline episodic memory consolidation deteriorates with age, in part, as a result of mPFC gray matter atrophy that reduces NREM SWA (Fig. 6) . It should be noted that these data alone do not establish causality. Furthermore, they do not prove that the disruption in NREM SWA directly causes impaired memory retention in older adults, as there may be unmeasured factors beyond the collection of co-factors that we controlled for that could account for the statistical associations between each of these variables. However, our findings nevertheless make clear that these three a priori targets (mPFC brain atrophy, NREM SWA and delayed memory retention) are not independent of each other and that other potentially unaccounted for factors would themselves be associated with these specific sleep and atrophy changes in predicting memory.
Influence of co-factors on memory
To determine whether age and sleep effects on memory were explained by the influence of circadian rhythms, alertness, neurocognitive status, or hippocampal volume, we performed follow-up analyses. First, recognition performance at short delay did not differ Supplementary Fig. 2) , TST, wake after sleep onset time, and sleep efficiency did not correlate with episodic memory change in either young or older adults separately ( Supplementary Table 3 ). Similar to relative SWA, both global absolute SWA (r = 0.57, P = 0.001) and prefrontal absolute SWA (Fp1 and Fp2 mean; r = 0.60, P < 0.001) predicted episodic memory change across all participants. Although not significant in all cases, a similar association was detected in each group separately for both global (young adults, r = 0.49, P = 0.045; older adults, r = 0.36, P = 0.21) and prefrontal (young adults, r = 0.56, P = 0.019; older adults, r = 0.24, P = 0.41) absolute SWA. White asterisks, P < 0.05 corrected 22 . % PTOT denotes percentage of total spectral power (0.4-50 Hz).
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Older adults Y o u n g O ld e r Sobel mediation Sobel mediation Figure 6 Model schematic of mediation findings. Aging is associated with gray matter atrophy, which mediates the degree of SWA disruption, with SWA in turn mediating the degree of impaired memory retention. npg a r t I C l e S significantly between evening (sleep) and morning (wake) groups in young adults (0.62 ± 0.07 versus 0.62 ± 0.08, P = 0.942) or older adults (0.24 ± 0.08 versus 0.40 ± 0.08, P = 0.175). Second, a measure of circadian preference 23 did not predict memory change scores in young or older adults (all r 2 < 0.063, P > 0.35). Third, testing time relative to habitual wake time did not differ between groups (P = 0.798) or predict memory change in either group (all r 2 < 0.11, P > 0.245). Fourth, subjective sleepiness and alertness did not differ by age group (all P > 0.25) 24, 25 or explain memory change in young or older (r 2 < 0.16, P > 0.16) adults. Fifth, reaction times during short-and long-delay recognition testing, and the change in reaction times, did not predict memory at short or long delay, or memory change in young or older (all r 2 < 0.10, P > 0.15) adults. Sixth, episodic memory change revealed no significant association with any of the neurocognitive metrics of assessment described in Table 1 (all P > 0.45). Finally, hippocampal volume also did not predict memory change (P = 0.454). These data suggest that age and sleep effects on memory are not parsimoniously explained by the influence of circadian rhythms, alertness, neurocognitive status or hippocampal volume. However, these data also do not suggest that these factors cannot influence memory. Furthermore, no association was detected between fast spindle density (13.5-15 Hz, calculated as described previously 26 ) during stage 2 NREM sleep and episodic memory change when examined across all participants or within each group separately. Stage 2 sigma power (12) (13) (14) (15) Hz) also did not predict memory change at any 1 of the 19 electrode derivations (all r 2 < 0.04, P > 0.30). Moreover, no sleep stage metric predicted episodic memory change in either young or older adults (all r 2 < 0.12, P > 0.16; Supplementary Table 3 ). When examined across participants, total sleep time (TST, r = 0.40, P = 0.027), sleep efficiency (r = 0.40, P = 0.028) and percent stage 1 sleep (r = −0.36, P = 0.045) significantly predicted memory change. However, when age was included in the model, none of these variables significantly predicted memory (TST, P = 0.79; sleep efficiency, P = 0.98; percent stage 1 sleep, P = 0.94). Furthermore, when SWA and age were included in the model with these other variables (TST, sleep efficiency and percent stage 1 sleep time), neither age nor these other variables remained significant (all P > 0.2), whereas SWA (both global and prefrontal) remained a significant predictor of memory change (all P < 0.001). Taken together, these data support the conclusion that SWA during SWS specifically predicts overnight memory consolidation in young and older adults.
Hippocampal association with memory and SWA
We tested the hypothesis that this age-related impairment in overnight memory retention, statistically mediated by deficient SWA, was associated with persistent (greater) hippocampal activation [6] [7] [8] 10, 13 , and diminished hippocampal-neocortical functional connectivity 13 during memory retrieval. Consistent with this prediction, age effects were detected in the hippocampus, such that older adults exhibited greater (rather than progressively less) post-sleep hippocampal-dependent retrieval activation (Fig. 7a) . In addition, older adults also revealed significantly impaired retrieval-related hippocampal-prefrontal functional connectivity relative to young adults (Supplementary Fig. 3) . As predicted by the sleep-dependent hippocampal memory transformation model 7, 8, 10, 11, 13 , both global SWA (Fig. 7b) and prefrontal SWA (Fig. 7c) negatively correlated with hippocampal activation during successful retrieval, such that greater SWA was associated with significantly less hippocampal-dependent activity. Notably, hippocampal voxels that correlated negatively with SWA also correlated negatively with the offline measure of episodic memory change (Fig. 7d) , indicating that activity in this region of the hippocampus was not simply sensitive to retrieval, but was sensitive to the change in overnight memory retention itself. Finally, and also congruent with these above associations and model predictions, retrieval-related hippocampal-prefrontal functional connectivity was also positively associated with SWA and episodic memory change (Supplementary Fig. 3 ). Figure 7 Differences in hippocampal activation and hippocampal-prefrontal task-related functional connectivity are associated with SWA and memory change. (a) Age effects (older > young adults) in left hippocampal activation greater during successful associative episodic retrieval than correct rejection of novel words (hits -correct rejections, 6-mm sphere region of interest (ROI): x = −33, y = −32, z = −7) 18 . No age differences in activation were detected outside the hippocampus when employing FWE correction across the whole brain. (b,c) Regressions between global SWA (b), defined as the average relative SWA across all electrode sites, and prefrontal SWA (c), defined as the average at prefrontal electrodes exhibiting peak relative SWA in both groups and left hippocampal activation (hits -correct rejections, 6-mm sphere ROI: x = −33, y = −32, z = −7) 18 . (d) Regression between overnight memory retention and left hippocampal activation (hits -correct rejections) at the peak of both SWA correlations. Activations are displayed and considered to be significant at the voxel level of P < 0.05 FWE corrected for multiple comparisons within the a priori hippocampal regions of interest 18 . Hot colors represent the extent of increased activation in older relative to young adults, and cold colors represent the extent of the negative correlation between hippocampal activation and SWA. Although the 6-mm sphere ROIs used to correct for multiple comparisons did extend outside the hippocampus, no effects were detected or presented outside the hippocampus. Frontal SWA (% of PTOT) Contrast estimate (au) a r t I C l e S DISCUSSION Together, our results support a framework in which deficits in agerelated prefrontal gray matter predict the extent of disrupted NREM SWA, the degree to which represents a contributing factor (alongside other established pathways 1, 3, 21, 27 ) to impaired long-term memory in older adults. These findings establish that the degree of medial prefrontal gray matter atrophy is associated with the extent of impoverished SWA in older adults. Moreover, the extent of impaired SWA is in turn associated with the degree of impaired episodic memory consolidation and, furthermore, when included in the same statistical model, accounts for the effects of age and medial prefrontal gray matter atrophy on such memory failure. Finally, our findings suggest that the extent of age-related impairment in overnight memory retention is also associated with the persistence (rather than progressive independence) of hippocampal activity at later post-sleep retrieval. This, together with reduced hippocampal-mPFC functional connectivity during memory retrieval, is indicative of impoverished overnight memory transformation in aging.
Although other factors, such as circadian rhythms and alertness, can also influence memory change across time, these factors did not appear to strongly account for the memory changes that we observed. Furthermore, young adults exhibited a sleep-dependent stabilization of memory (stabilization in the context of superior memory retention over time asleep relative to time awake), whereas older adults did not. In addition, the degree of this overnight memory retention benefit was predicted by the amount of intervening NREM SWA. Moreover, that NREM SWA negatively predicted hippocampal activation and positively predicted hippocampal-neocortical functional connectivity during retrieval conforms to model predictions of systems-level hippocampal-neocortical memory consolidation 11 .
Our data build on and extend previous evidence that middle-age and older adults experience impaired long-term episodic memory across offline time periods that include sleep 2 , associated with reductions in time spent in NREM SWS 2 . However, the underlying neuropathological factors predicting these canonical reductions in NREM SWS and associated SWA have remained unknown. Furthermore, whether these reductions in SWA account for age and brain atrophy effects on episodic memory instead of age and brain atrophy independently impairing both sleep and memory has similarly remained unclear. Finally, the neural correlates of sleep-dependent memory impairment in aging have remained unexplored.
Addressing these issues, the current findings suggest that impaired sleep-dependent memory consolidation potentially contributes to diminished long-term memory retention in old age and is associated with canonical reductions in SWA in the elderly. Depending on the task and the nature of the memory assessment, some reports found no effect of age on long-term memory retention 28 , whereas others, particularly those that examined memory retention after delays long enough to include periods of sleep, found pronounced age effects 1, 29 . Congruent with these findings, our results indicate that sleep offers a greater overnight memory retention benefit in young adults than in older adults. Notably, this is not to suggest that sleep does not benefit memory retention in older adults, which is supported by the fact that SWA still predicted memory retention in older adults. Instead, this benefit was diminished in older adults, the degree to which was proportional to the extent of impoverished SWA.
In light of our findings, we offer a neuropathological model in which age-related prefrontal atrophy may partially explain the prominent and well-documented reductions in NREM SWA in aging 4, 5 . Specifically, age-sensitive changes in gray matter atrophy in the mPFC consequently mediate the canonical age-related decline in SWA.
Our data do not, by themselves, prove that prefrontal atrophy causes SWA decline in aging. However, this remains a parsimonious interpretation when considering previous evidence in young adults that the cortical origin of NREM slow waves is predominantly localized to mPFC regions 16 similar to those that we identified as having maximal gray matter atrophy in older adults (and mediation of age-related changes in SWA), along with evidence linking NREM SWA changes with prefrontal brain structure development across ontogeny 30 .
In addition, our results and proposed framework offer a potential mechanistic basis supporting an association between sleep disruption and age-related cognitive decline 2 . However, our findings suggest that it is not age, per se, that independently governs these sleep and memory impediments 2 . Instead, the influence of age and concomitant prefrontal atrophy on impoverished overnight memory retention is statistically mediated by the degree of deficient SWA. Thus, age alone does not independently reduce prefrontal gray matter, SWA and memory retention. Rather, our data suggest these three canonical signatures of the aging brain are significantly inter-related, with the deficiency in SWA mediating the degree of compromised offline episodic memory retention in the aging, atrophied brain. Given these results, it appears tenable that the reductions in prefrontal SWA in older adults, associated with medial prefrontal lobe atrophy, compromise the offline transformation and consolidation of episodic memories. Consistent with this functional relationship, the degree of prefrontal SWA impairment and overnight memory change was associated with persistent next-day hippocampal retrieval activation, as well as reduced hippocampal-mPFC functional connectivity. Such findings conform to predictions made by the model of sleepdependent hippocampal memory transformation, in which SWA is reduced 6,7,10 in a similar manner to experimental manipulations of SWA in young adults 9 .
Building on these findings, it will be important to determine whether such sleep-related changes represent an early predisposing factor to, or accelerant of, cognitive decline in the elderly 27 , and further, what role, if any, similar NREM SWA disruption has in degenerative diseases with comorbid sleep abnormalities 14, 15 . These findings further relate to the emerging proposal that factors such as sleep are important features determining healthy aging, beyond age per se 15 . At a translational level, and in light of this literature, our data endorse the possibility that improvements of SWA in older adults, through physiological, behavioral or pharmacological means 9, 31, 32 , may represent a treatment target for minimizing the cognitive decline associated with deficient long-term memory retention in later life.
METHODS

Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper. a r t I C l e S aided in study design and manuscript preparation. W.J. provided the elderly subject pool and data analytic tools, and aided in study design and manuscript preparation. M.P.W. designed the study, aided data analysis and wrote the manuscript.
Overall reaction time during short-delay and long-delay recognition, and the change in reaction time from short-delay to long-delay (long-delay-short-delay) testing were used to determine whether objective alertness predicted memory change in young and older adults.
Sleep monitoring and eeg analysis. PSG sleep monitoring on the experimental night was recorded using a Grass Technologies Comet XL system (Astro-Med), including 19-channel EEG placed using the standardized 10-20 system, electrooculography recorded at the right and left outer canthi (right superior, left inferior), and electromyography. Reference electrodes were recorded at both the left and right mastoid (A1, A2). Data were digitized at 400 Hz, and stored unfiltered (recovered frequency range of 0.1-100 Hz), except for a 60-Hz notch filter. Sleep was scored using standard criteria 58 .
Sleep monitoring on the screening night was recorded using a Grass Technologies AURA PSG Ambulatory system (Astro-Med), similar to as described above save for the following exceptions: EEG was recorded at nine derivations (F3, FZ, F4, C3, CZ, C4, P3, P4, OZ) and data were digitized at 200 Hz. During full PSG screening nights, nasal/oral airflow, abdominal and chest belts, and pulse oximetry were also monitored to screen for the presence of sleep apnea.
EEG data from the experimental night were imported into EEGLAB (http:// sccn.ucsd.edu/eeglab/) and epoched into 5-s bins. Epochs containing artifacts were rejected, and the remaining epochs were filtered between 0.4 and 50 Hz. A fast Fourier transform was then applied to the filtered EEG signal at 5-s intervals with 50% overlap and employing Hanning windowing. Analyses in the current report focused, a priori, on SWA, defined as absolute and relative spectral power between 0.8-4.6 Hz during SWS 19 . Spectral power during SWS was chosen because staging requires absolute amplitude above a standard threshold 58 requiring, by definition, slow-wave detection. Relative spectral power was chosen because it accounts for individual differences in overall absolute spectral power potentially resulting from differences in brain to scalp distance, skull thickness, impedance, head size and the potential effects of different sleep recording systems 59 , standardizing spectral power across subjects.
Statistical analysis.
A two-way, repeated-measures ANOVA was used to compare episodic memory retention between young and older adults, with group (young versus older) as a between subjects factor and testing session (immediate versus delayed) as a within subjects factor. To assess whether this effect was specific to sleep, a threeway, repeated-measures ANOVA was used with group (young versus older) and condition (sleep versus wake) as between subjects factors and testing session (short delay, 10 min versus long delay, 10 h) as a within subjects factor. Group differences in sleep variables were assessed using independent, two-sample t tests. Associations between prefrontal atrophy, sleep measures and episodic memory change were assessed using Pearson's correlations. SWA and episodic memory change correlations were examined and considered to be significant if they were significant at P < 0.05 false discovery rate (FDR) corrected across the electrode array 22 .
To test the hypothesis that the effects of age on prefrontal atrophy mediated the effects of age on relative SWA and the effects of age on relative SWA mediated the effects of age and prefrontal atrophy on episodic memory change, mediation analyses were performed using established methods 20, 21, 60 . In short, these analyses determine whether the influence of independent variable x on dependent variable y is accounted for by mediator M, that is, is the value of the direct path coefficient between x and y reduced by the inclusion of M? Reduction to 0 is interpreted as mediation, partial reduction is interpreted as partial mediation, and nonsignificant reduction is interpreted as no evidence for mediation. Effects were formally tested using the Sobel test of mediation 20, 60 . Analyses were completed using SPSS version 18.0 (SPSS).
